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A comparison ofmethods has been conducted of the optical techniques of ellipso-
polarimetry, and dark fieldmicroscopy to determine the resolution of the spatial variations
in thickness within thin films in real time. The ellipso-polarimeter is an adaptation of
normal point ellipsometric methods to accommodate assessment of spatial distribution, but
unlike the traditionalmethods, will utilize the image as qualitative information rather than
quantitative. This is achieved through the use of a coherent light source, beam expander,
and collimating/focusing optics for the throughput of the system, and the use of a CCD
camera to collect the two-dimensional signal for display on a video monitor. The use of the
CCD camera allows the collection of data at video rates, thus observation of thickness
distribution can be done in "real time", and can be stored as a digital file for archive
purposes or output to a hard copy device. It is also possible to utilize image processing
techniques to extract or enhance information present in the images. The dark fieldmethod
is also an adaptation from traditional microscopy techniques, and utilizes oblique
illumination from a coherent source with on axis optics to collect scattered light and display
it as an image on a monitor. It is possible that either of these techniques could be
implemented for a quality control application where a deviation in material type or from a
desired thickness needs to be recognized either by a human operator or in an automated
fashion under computer control, though the type ofvariation which is to be detected will
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2. 1 Diagram of general ellipsometer arrangement. L,P,SA, and D show 4
a light source, polarizer, optical system, analyzer, and detector.
2 . 2 Resolution of incident and reflected beams into P and S component 10
waves showing incident elliptical polarization and reflected plane
polarization. (Archer, 1968)
2.3 Ellipsometer schematic ( Rudolph Research 1975 ) 11
3 . 1 Components of the Ellipso-polarimeter 1 8
4. 1 Dark-field iUumination by reflected light A specularly reflecting 22
object reflects light outside the objective f.o.v so that the specular
surface appears dark. A rough surface will scatter some light into
the objective and appear bright
5.1 Silicon wafer with circuit Darkfield image. 24
5.2 Silicon wafer with 1.5 Angstrom coating. Null set for coating which 24
appears dark. Polarimetry image.
5.3 Step wedge target showing differences of 65, 86, 143 angstroms 26
respectively between the four bars. From left to right the thickness of each
bar is 7942, 8007, 8093, and 8236 angstroms.
5.4 Human finger print on bare wafer. Darkfield image. 26
5.5 Human finger print on bare wafer. Polarimetry image. 27
5.6 Schematic ofDarkfield setup used 30
6. 1 Diagram showing blur at detector due to sample tilt 34
6.2 Diffraction from an edge. Edge here is normalized. 36
Estimate for 5u is shown.
6.3 Diagram showing X and Y and their 40
relation to the polarizer and analyzer axis
7. 1 Polarimetry image of 477 angstrom 4-bar target. Smallest 4-bar target 46
resolved is 10 microns across each bar. Note blur in upper left comer,
these are the letters IMA. Blur is due to defocusing caused by tilt.
7.2 Polarimetry image of 477 angstrom 4-bar showing effects of tilt of 46
target on resolution. The farther from center in the image the worse the
blur, the fringes, and the effects of aliasing appear due to apparent pixel
size at the target.
7.3 Polarimetry image of 477 angstrom 4-bar showing bars 100 microns 48
across. Line trace through the 4 vertical bars shows relative pixel values.
Image is slightly defocused
7.4 Darkfield image of 477 angstrom 4-bar. Image has been contrast 48
enhanced to bring out bars. Also present are numerous dust particles
on the surface. Bars are 25 microns across and 200 long.
7.5 50Angstrom 4-bar target. Darkfield image with computer zoom of 49
detail. Lines shown are 1-2 microns wide by 70 long. Jagged lines due
to angle of edges w/respect to columns ofpixels.
7.6 50 angstrom 4-bar polarimetry image. Image has been contrast 50
enhanced. Smallest resolved bars are approximately 10 microns.
Bright spots on right are a foreign substance on the silicon dioxide.
7.7 50 angstrom 4-bar polarimetry image with null set for bare wafer 50
instead of film. Large sweeping fringes are due to polishing of silicon
wafers which causes minor warping of the surface.
7.8 Polarimetry image of step target with steps of25 angstroms (top) and 53
less than 25 angstroms (bottom). Null is set for 25 angstrom layer.
Window shows processed part of image.
7.9 Polarimetry image of step target. Step is slow varying as shown by 53
pixel trace across edge. Top layer is 7942 angstroms and bottom layer
is 8007, for a difference of 65 angstroms. Line is a scratch.
7.10 Polarimetry image. Same as in figure 7.8 but with a binary threshold. 56
This leaves two clearly distinct regions based on thickness, with no side
effects from fresnel fringes.
7.11 Polarimetry image of a single bar on 477 angstrom target Width of 56
bar is approximately 1 millimeter. Here edge is purposely defocused.
Pixel trace across edge shows spreading of edge due to fresnel diffraction.
7.12 Polarimetry image of 1 mm bar with better focus. Pixel trace across 58
edge shows much cleaner edge and reduced noise due to fringes
7.13 Histogram of image in figure 7.12. Histogram suggests a region for 58
thresholding image.
7. 14 Image from figure 7.12 after binary threshold performed on region in 59
box. Fringes have not created difficulties with distinguishing separate
thickness regions.
8. 1 Polarimeter image of step wedge type target showing a defect area in the 61
straight edge separating the two regions. The top layer is 228 angstroms,
and the bottom 135 angstroms.
8.2 Polarimetry image of477 angstrom thick target taken with J-sheet 61
substituting for die analyzer element.
1.0 Introduction
The variety of industrial applications of thin film technology have introduced the need for
innovative optical techniques which can non-destructivelymeasure and characterize
properties of thin films (Peterson and Schott 1989). Based on the study by Peterson and
Schott
, a new optical technique was proposed drawing on the principles of conventional
reflection ellipsometry. The new technique, referred to as ellipso-polarimetry, presents a
qualitative spatial (X & Y) distribution ofpolarized reflected light information in the form
of an image. Thus an observer can see immediately any variation in film thickness or index
of refraction over the region observed, which deviates from the thickness (null) for which
the elripso-polarimeter is currently set. But due to problems with off-axis viewing it may
not always be desirable to use such amethod. When the deviation from a given thickness
approximates an edge orwhen there is scattering, for example from undesirable dust
particles, it may be possible to use a less complicated optical set up which capitalizes on the
scattering. For this situation a technique based on dark-field microscopy will be explored,
and a comparison and analysis of the twomethods will be presented. Since the initial
motivation for this study was in looking at slowly varying thin film non-uniformities, the
ellipso-polarimeterymethod will be examined first
In order to better understand the concept of an ellipso-polarimeter it is first necessary to
explore the traditional techniques of ellipsometry. Standard ellipsometry is concerned with
the effect of reflection on the polarization state of light. Ellipsometric measurements allow
for the calculation of refractive indices and thin film thickness on reflecting substrates.
Thesemeasurements provide no information on the spatial distribution of these properties.
With the exception of taking a series of samples of ellipsometric data at different points and
plotting amap, there is no simple method of obtaining the thickness distribution in two
dimensions, and there is no methodwhich allows for the immediate realization of this
information.
The ellipso-polarimetry described here is able to spatially display this type of irifoimation
over a small region on the surface of a target area. This can be done at video sampling rates
thus producing a "real
time"
image. As the sample is moved the information on thickness
variation can be obtained immediately by observation ie. any variation from the thickness
distribution forwhich the ellipsometer is set will show up as a lighter area than the
background (black when nulled). It is important to note that the information is not
quantitative, but rather is qualitative, and that the motivation is to create a high speed spatial
information collection device. This thesis outlines an experiment to characterize the
capabilities and limitations of the ellipso-polarimetry and to compare it with a dark-field
method from conventional microscopy to determine which may bemore effective and easily
implemented to determine minute or slowly varying changes in thickness of homogeneous
materials. The discussion draws on earlier work (Peterson and Schott 1989) that suggests
the ellipso-polarimeter (therein refered to as imaging ellipsometer) as a candidate method
for assessment of the variations of thickness in thin films based on a literature review and a
limited proof-of-concept experiment. That effort has clearly demonstrated the potential of
the technique to allow observation of variations in depth (Z) of a film across the surface(X,
Y) of an image, and it is hoped that this experiment will not only define the limits of this
technique, but will compare it with a dark-fieldmicroscopymethod which will attempt to
obtain similar information in an on-axis format.
2.0 Description of StandardEllipsometry
Ellipsometery can be generally defined as themeasurement of the state ofpolarization of a
polarized wave vector (Azzam & Bashara 1977) . We are primarily concerned with optical
ellipsometry ofpolarized lightwaves. The term ellipsometer (from which the technique of
ellipsometry derives its name) was first coined by Rothen(Rothen 1945) to denote an
optical instrument whichmeasures thin films by the reflection ofpolarized light.
Rather than the measurement of the state ofpolarization of light on its own, ellipsometry is
conducted to gain information about the optical system ormedia that modifies the state of
polarization of the light wave. In general in ellipsometry, a light-wave ofknown
polarization is used to probe an optical system through the interaction of the light-wave
with that system being explored. The interaction will induce changes in the state of
polarization of the wave ( and likely other properties also ). Measurement of these changes
can provide information about the optical system. A block diagram showing a general
ellipsometer setup is shown in figure 1.1. The source is a collimated monochromatic beam
and is passed through a variable polarizer resulting in light of a known polarization. This
beam will interact with the components of the optical system under investigation and in
doing so have its polarization modified. The resulting state of polarization will be
measured by a variable polarization analyzer and a photodetector. It is assumed that the
interaction between the light wave and the optical system is linear and frequency-
conserving(Azzam & Bashara 1977).
Figure 2.1 Diagram of general ellipsometer arrangement L,P,S,A, and D show a light source, polarizer,
optical system(including quarter wave plate), analyzer, and detector, respectively.
The state of polarization of the lightwave can bemodified by the optical system through
either one or a combination of the following processes.
Reflection orRefraction: the state of polarization will be changedwhen the light
wave is reflected or refracted at an interface between two optically dissimilarmedia. This
change results from the difference in the Fresnel reflection coefficients for the two linear
polarizations perpendicular (s) and parallel (p) to the plane of incidence.
Transmission: The state ofpolarization will change continuously as light
progresses through a medium that exhibits optical anisotropy. The anisotropy may be
refractive, absorptive, or both.
Scattering: this occurs when a light wave traverses a medium with a spatially
inhomogeneous index of refraction. The inhomogeneity is due to the presence of scattering
centers such as in aerosols and emulsions. Scattering usually results in a redistribution of
the scattered energy into a wide range of solid angles, unlike transmission and reflection
which do not significantly alter the collimation of the beam.
Thus, depending on the dominantmode of interaction modifying the polarization state,
three distinct types of ellipsometry may be distinguished
[1] Reflection or Surface Ellipsometry
[2] Transmission Ellipsometry , and
[3] Scattering Ellipsometry.
This study is primarily concernedwith [1] Reflection Ellipsometry.
Reflection ellipsometry has been recognized as an important tool for the study of surfaces
and thin films since the time ofDrude(Drude 1889, 1890). There aremany useful
applications of standard reflection ellipsometry, amongst them are;
- Measurement of the optical properties and frequency dependence ofmaterials. The
materials may be either liquid or solid, bulk or thin film form, and either optically isotropic
or anisotropic.
- Monitoring of growth or removal of thin films from surfaces starting from a
submonolayer ( e.g., sputtering, oxidation, deposition, diffusion, etc. ).
- The measurement of various factors which affect the optical properties such as EM fields,
stress, and temperature.
When utilized on a reflecting surface, the measurements may be interpreted to yield the
optical constants of the material. When used on a reflectingmaterial that has a film-covered
substrate, the measurements yield the thickness and/or optical constants of the film. For
the measurement of optical constants of substrates, ellipsometry has the advantages over
conventional methods in that it is applicable to strongly absorbingmedia and that it offers
simplicity ofmeasurement and sample preparation. Ellipsometry can be applied to surface
films with thicknesses ranging from partial monoatomic coverage tomicrons. Throughout
most of this range the index of refraction of the film is also obtained. For absorbing film
media, the extinction coefficient can also be obtained.
2. 1 General Principles ofReflection Ellipsometry
Ellipsometry is one of the customary techniques for non-destructively measuring the
thicknesses of films which are less than an optical wavelength (Azzam & Bashara 1977).
Reflection ellipsometry is based around the principle that the state of polarization of light is
altered upon reflection from a bare or film coated surface. The state of polarization is
defined by the phase and amplitude relationships between the two component plane waves
into which the electric field oscillation is resolved (see figure 2.2). The wave in the plane
of incidence is designated a p-wave. The s-wave, is normal to the plane of incidence.
Considering the case where the p and s waves are in phase with each other, the resultant




In general, reflection causes a change in the relative phases of the p and s waves as well as
in the ratio of their amplitudes. Let A indicate the phase change introduced between the
parallel and perpendicular components. The arctangent of the ratio of the amplitude









which are the two film-substrate complex reflection coefficients.
The elliptical state of a polarized light beam is defined by the angular position of the ellipse
( azimuth ), its shape ( ellipticity ), and the sense of rotation of the light vector. At the end
of the last century Paul Drude(Drude 1889,1890) derived the relationship between
thickness of the film and the optical constants of the surface ( or substrate) upon which the


















= *he Fresnel reflection coefficient for the ambient
medium-film interface
rp s 02
= the Fresnel reflection coefficient for the
film-substrate interface
n o
= refractive index of ambientmedium
n\= refractive index of film
d = thickness of film
X = wavelength of light
<|) = angle of incidence.
2.5
2.6
The concern in ellipsometry is with the reflection ofmonochromatic, collimated, polarized
light. The state of polarization is defined by the phase and amplitude relationships between
the two component plane waves into which the electric field oscillation is resolved.
Ellipsometry is fundamentally themeasurement of the phase change A and amplitude
ratio^ between the p and s waves.
Figure 2.2 illustrates the effect of reflection on polarization. Before reflection the S and P
waves are out ofphase, thus their combined vector will sweep out an ellipse as the waves
travel. After reflection the waves are in phase and the resulting polarization is linear and is
larger due to the increased amplitude ratio.
k\\WW\\WM
INCIDENT REFLECTED
Elliptically Polarized Plane Polarized
Figure 2.2 Resolution of incident and reflected beams into P and S component waves showing incident
elliptical polarization and reflected plane polarization.
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Themeasurement procedure consists of adjusting the polarizer and analyzer such that the
detected beam is extinguished. The quarter-wave plate assembly will be fixed with the fast
axis at an angle of 45 degrees to the plane of incidence. This orientation will result in the
need to onlymanipulate the polarizer and analyzer to find the desired polarization for
extinction of the reflected beam. Extinction is reached by alternately adjusting the polarizer
and analyzer angles until the tight intensity is observed to approach a minimum. A
telescope with a screen facilitates this part of the process. Once a minimum has been
reached visually, the photomultiplier detector is engaged for fine adjustments and the
process is continued, this time observing a meter on the detector for decreases in intensity.
The final positions for the polarizer and analyzer are determined when the needle is at a
minimum on the lowest scale. This method is known as themethod of swings, and takes
little more than two minutes per measurement when the system is aligned. Figure 2.3
below shows a typical ellipsometer schematic, along with the polarization states through the
system.
Figure 2.3 Ellipsometer schematic ( Rudolph Research 1975 )
1 1
3 . 0 Imaging Ellipsometry
Ellipsometry has become a standard tool for the measurement of thin-film thickness, but
has been restricted to a number ofmeasurements on a surface at low spatial resolution
(Azzam & Bashara 1977, Erman & Theeten 1986, Peterson & Schott 1989). Previous
attempts to obtain spatial resolution with ellipsometry havemet with limited success
(Beaglehole 1988, Cohn et al. 1988, Erman & Theeten 1986, Stiblert & Sandstr0m 1983).
There are two basic methods to obtain spatial resolution using eltipsometric techniques.
The first uses a focused beam and scans the sample in an X,Y fashion to cover the desired
target area. This method has been developed by Erman and Theeton and claims a spatial
resolution of 10 microns. The second is to use a light source with a beam expander to
illuminate an area on the target then using the reflected beam from the target to extract the
eltipsometric information either in the form of an image or as multiple sets ofdata to be later
combined into an image. The lattermethod was employed by Cohn et al. 1988 also with a
resolution in the range of 10microns. Before now attempts to obtain visual information
regarding variations from a desired thickness at a high collection rate have not been made.
All of the methods mentioned above attempt to quantify information, andmost of them
involve the time consuming process of collection (scanning) or processing of the data once
an image or series of images have been collected. This research will attempt to take
qualitative ellipsometric-type information in the form of an image sampled at video rates, to
be used to observe/detect variations (flaws) from a known film thickness, and to determine
the limits of such a system. The study will also compare this type of system with an
on-
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axis method, to see if it is truly necessary to perform the data collection in the off-axis
fashion used in ellipsometric methods.
3 . 1 Spatially Resolved Ellipsometry Technique
Erman and Theeten (1986) developed a technique of obtaining a spatially resolved image
containing quantitative ellipsometric information using a convergent beam approach. Their
method of obtaining data involves a complex multiple wavelength optical system and
multiple detectors. To obtain spatial information themethod requires the use ofmultiple
samples of a 10 micron spot size to map surfaces under study. A theoretical film thickness
resolution of 0.1 Angstroms is proposed, and a surface spatial resolution of approximately
10 microns for a homogeneous sample. This technique is slow since it depends on
scanning, collection of numerous points from the 10 x 10 micron spot size on the sample
and compiling this into a composite image. From this "trajectory
map"
they perform a
quantitative analysis which yields a "thickness
trajectory"
giving information on thickness
variation including slow variations within multi-layer films. The use of a converging beam
prohibits looking at a very large area at any one time, and thus is more of a microscope type
system, as a result the reported spatial resolution is similar to what would be expected from
amicroscope. They reported little distortion due to off axis viewing, since the sample tilt
would have a negligible effect on such a small area compared to the depth of focus.
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3.2 Dynamic ImagingMicroellipsometry
Cohn, Wagner, and Kruger (1988) devised a method based on conventional radiometric
ellipsometry techniques which rely on intensity, rather than measuring an optical
component angle at which intensity is null. By taking radiometric images at 3 or more
instrument settings they calculate A and W field maps refered to as Ellipsograms from the
intensities and known instrument settings. Quantitative results using a "full
field"
imaging
approach are infeasible since it is not possible to obtain a null across multiple simultaneous
detectors uniformly. Thus a charge coupled (CCD) detector is employed to record the light
intensity at three or more instrument settings. From this radiometric data and the known
instrument settings, the delta and psi full-fieldmaps are calculated. This is amicroscope
type system and thus is concerned with only a small target area. A resolution of 10
microns was demonstrated at amagnification of ~8. It is necessary to take multiple
collections of data to produce an eltipsogram and takes an average of 55 seconds for the
four frames needed for a single ellipsogram.
3.3 Microscopic Imaging Ellipsometer
Beaglehole (1988) describes the performance of a now commercially available instrument
which allows for themeasurement of the coefficient of eltipticity P of a surface in order to
provide information on the structure of the surface. The set-up includes a source filtered at
600 nm, polarizer condensing lens, quarter wave plate, sample, objective lens, analyzer,
and detector. The sample will induce an amplitude reflection ratio rp / rs
= r = pe^. It is
operated at the brewster angle to capitalize on the condition that specifies the coefficient of
ellipticity p
= Im(r), since the brewster angle gives rise to the condition that Re(r)
= 0.
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This apparatus is set up as amicroscope type of system and utilizes incoherent illumination
of 1mm diameter spot size area . Image dimensions from this system correspond to 0.7 x
0.5 mm2, with a pixel size of about 3 microns. To obtain the data necessary for
quantitative results, it was necessary to obtain up to 64 frames of information, and
additional time was needed for processing and transfer of frame data to the system. This
took an average of0.7 seconds/frame to collect and an additional 35 seconds for
processing, for an average for a 64 frame image of 79.8 seconds. System resolution of
around 3 microns is stated and a theoretical thickness resolution of 50 angstroms is
proposed before data is lost in noise.
3.4 Eltipso-interferometry
Mishima and Kao(Mishima &Kao 1982) devised a technique combining ellipsometry and
interferometry to map thickness distributions in an interferogram type of image. By
following the fringe lines in the image, the thickness distribution gradient could be
determined. The technique is different from conventional interferometry or double-beam
interferometry in that it uses the spatial coherence of a laser in conjunction with a polarized
p wave, and a brewster angle of incidence to form a clear fringe pattern. The technique is
based on the principle that spatially and temporally coherent light reflected from the two
surfaces of a thin solid film will interfere to form a two-dimensional fringe pattern which is
directly related to the spatial distribution of a whole thin film. The system consisted of a
laser, polarizer, quarter wave plate, sample, magnifying lens, analyzer and
two-
dimensional photodetector. Photodetectors used were photographs for large area
distributions and point detectors for small area distributions. The pattern of fringes
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produced by the multiple reflection and interference processes corresponds to the product
of the refractive indices and the thickness of the film. There are also fringes produced due
to diffraction and these can cause problems for fine structures in the sample. Theoretical
spatial resolutions of 1.5 microns in the X direction and 0.75 microns in the Y direction,
and a thickness resolution of approximately 10 nm were expected. This technique is also a
microscope type of technique so the spatial resolutions are on the order of those of a
microscope, and are related to the objective used.
3.5 Ellipso-polarimeter
In order to determine the variation in thickness across a fixed spatial region of a surface, it
is necessary to have a source of light which is both temporally and spatially coherent to
obtain the phase information needed. A slighdy incoherent source should also work, but
consideration of sufficient iUumination is warranted in order to view an area versus a point.
A laser is used as the light source for this system, since it provides both coherence and
sufficient intensity, and is expanded through the use of a spatial filter across the target area.
One possible optical set -up is shown in figure 3.1. The detector used is a 512 x 512 CCD
array, which allows the information to be collected at video rates for real time viewing.
The information made available by this technique is considerably different from that
which is obtained using conventional ellipsometry. While both techniques are concerned
with the effect of reflection on the state ofpolarization of light, this new configuration does
not readily provide quantitative information about the sample.
There is no longer a point
signal to minimize as is the case in conventional ellipsometry, but instead a
two-
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dimensional array of signals are provided for the CCD detector. Thus the technique
provides information with respect to spatial variations across the surface of the sample.
Where the sample has uniform refractive index and/or thickness, the reflected beam will
have a uniform state ofpolarization. The analyzerwill transmit that component of the
polarized light which corresponds to the orientation of its axis, and cancel to varying degree
those components which vary from that axis. If the reflected polarization vector is at a
normal orientation to the analyzer axis, there will be total cancellation. Thus the ellipso-
polarimeter can be nulled for a known thickness/refractive index of a material and any
deviation in either value can be observed as an increase in the intensity distribution when
the sample is placed in the ellipsometer. In the experimental system illustrated in figure
3.1, an image of the analyzed beam is projected onto a diffusing screen. The image of the
sample formed on this screen is recorded with a CCD camera using conventional lenses. It
is also possible to project the reflected light directly onto the CCD array, but the intensity
may need to be reduced to avoid saturation of the detector. The latter is themethod used in
this study. The video image formed in either fashion can then be digitized and further
analyzed using a personal computer-based digital image processing system. The system
presented here, uses an Image Technology board withWerner Frei software on an IBM
PC. The basic configuration is similar to a conventional ellipsometer with the following
exceptions (see figure 3.1);
- Coherent source of light ( unpolarizedHeNe laser )
- Spatial filter and focusing optics\
- Collecting and focusing optics for detector
- 2-d detector ( CCD camera with NTSC video output )
- Werner Frei image capture board and image software















Figure 3.1 Components of the Ellipso-polarimeter
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4 . 0 Description ofDarkfieldMicroscopy
The visibility of an object depends on the contrast of the objectwith the surrounding
medium. Darkfield itiumination is effective in obtaining increased contrast and for
observing the colors of structures (McLaughlin 1977). For this particular problem, the
color of structures is of no interest but the increased contrast can be used to bring out the
differences in thickness of a thin film layer if the anomaly in question is of such a nature
that itwill scattermore light than the background. In this case, the differences will appear
self-luminous in a darkfield, and thus will provide a high contrast condition.
There are a variety ofmicroscopic methods which are used for observing an object on a
dark field, ie. utilizing tight diffracted from the object : (a) incident or reflected light with
oblique or annular light; (b) examination by transmitted light, using a central screen in the
objective to stop the direct light of zero order ( central dark field ); (c) examination by
transmitted light using annular light from a numerical aperture greater than that of the lens
(annular dark field); (d) examination of a birefringent object between two crossed
polarizers; (e) examination at right angles to the direction of the beam of light in a flat field
(ultramicroscopic dark field).
Simple darkfield can be obtained by blocking all central rays of light from the condenser in
a microscope from entering the objective. This is easily accomplished by the use of opaque
stops in the filter carrier of the substage assembly. The only light (ideally) which enters the
objective, under this condition, is that which is scattered by the specimen because it is
illuminated by a hollow cone of light of too large an angle to permit the direct beam to enter
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the objective. This is an example of a method which uses light traveling along the same
axis as the optical path. For this comparison study the illumination path will be separate
from the viewing path, andwill come in at a sharp angle relative to the axis of the viewing
system. This will yield essentially the same effect since the only light that will enter the
objective will be that scattered from the surface of the sample ( see figure 5. 1).
Since the image is only formed by diffracted light which is always weaker than direct
light, very intense sources must be used (Loquin & Langeron, 1983). Thus a laser will be
an appropriate source, and this will aid in the comparison of techniques since both can be
performed using the same source. Darkfield technique also makes small objects appear to
be larger than they are due to the scattering of light produced by the objects, this enables
viewing of extremely small specimens not visible by brightfield (Wilson 1976). This
phenomenon is an added benefit of this technique, and will enable the detection ofvery
small flaws in the thin films providing the flaw is of such a nature that it provide enough
scattered light for the system to detect.
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4 . 1 General Principles ofDarkfield Itiumination
Darkfield can be produced in a variety ofways. Whenever the itiumination enters the
object at an angle greater than the cone of light received by the objective, darkfield will
occur (Wilson 1976). This effectmay be obtained by an extremely misaligned condenser
or tilumination system, in which case the darkfield is unidirectional. This can result in poor
image quality. For a uniform and most effective darkfield, the object should be illuminated
from all directions with a hollow cone of light which has an aperture greater than that of the
objective as shown in figure 4. 1 below.
Placing a black stop in the center of the condenser is one way to achieve this effect
allowing only peripheral rays of the condenser to pass through the specimen. As long as
the condenser aperture is greater than the objective aperture, the peripheral rays will pass by
the objective and only the scattered light will enter the objective. Special darkfield
condensers are available which produce a hollow cone of light more efficiently.
Objectives used for darkfieldmust be of a numerical aperture low enough to exclude
unwanted direct light. Objectives with a numerical aperture of 0.50 or less can be used
with the techniques ofproducing darkfield illumination not utilizing a
special darkfield
condenser. With special darkfield condensers designed to produce higher numerical
aperture darkfield tilumination more efficiently, objectives with a numerical aperture of up
to 1.0 can be used. When using objectives with the
numerical aperture larger than 1.0
(immersed in oil), the numerical aperture of these objectives must be physically
reduced by






Figure 4.1 Dark-field illumination by reflected light. A specularly reflecting
object reflects light outside
the objective f.o.v so that the specular surface appears dark.
A rough surface will scatter some light into
the objective and appear bright
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5 . 0 Experimental Set-up andMethodology
The two methods explored in this study are different yet attempt to detect the same
phenomenon and thus the comparison. The first technique employs principles of
ellipsometry which dictate that the sample can only be viewed from an off axis vantage. In
this construction, both the illumination and the observation take place at oblique angles to
the sample surface. This can lead to distortion when attempting to collect information as an
image. The information collected comes from the polarization states of the reflected light
The second technique observes normal to the viewing plane, while using oblique
tilumination to induce the scattering of light from the sample surface. The information
collected is from scattered light Thus, though at first glance the setups appear similar, they
are in fact quite different as explained in the previous sections.
5.1 Targets
A series of targets were created for these experiments of different thicknesses and
resolutions. The material used was silicon dioxide deposited on a silicon wafer. This
material was chosen for use in the targets because it is a transmitting thin film and thus
would respond to the ellipsometric type method, because small thickness differences can be
created by controlled growth or deposition, and because high resolution targets
can be
etched into the surface of the silicon dioxide. Target requirements were specified to the
RTTMicro Electronics Engineering department who fabricated the following targets to
specifications provided:
1) Resolution target of thickness 477
angstroms. Where target is etched to the bare
wafer so the thickness difference is 477 angstroms.
2) Resolution target of thickness 50
angstroms.
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Figure 5.1 Silicon wafer with circuit. Darkfield image.
Figure 5.2 Silicon wafer with 1.5 Angstrom coating. Null set for coating which appears dark.
Polarimetry image.
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3) Step etched target with starting thickness of 228 angstroms with steps of 135 , 25,
and less than 25 angstroms. This wafer was made by first growing the oxide, then using
controlled etching, created the steps.
4) A circuit wafer of unknown dimensions was used in the dark field setup to
demonstrate how an image of a known object would appear. This target also had
aluminum pads as part of the surface structure. See figure 5.1 on previous page.
These were the primary targets used for this study. Another set of targets ofvarious types
were used on occasion, and in the initial proof of concept tests, but were not considered
crucial to the findings of this experiment. These are listed below:
1 ) Series of
"thick"
targets supplied by Eastman Kodak The targets were half bare
silicon and half silicon dioxide coating. The coatings were 1200, 1500, and 1900
angstroms in thickness. See figure 5.2 on previous page.
2) A silicon waferwith an approximately 60 angstrom Dimethyl film deposited. This
target was supposed to be a step function type target, but acted more like a slow ramp
function.
3) Silicon dioxide on silicon step function target. Starting at thickness of7942
angstroms and increasing in steps of 65, 86, 143, 183, 197, 236, 330, 333 angstroms.
See figure 5.3 on following page.
4) Bare silicon wafer with human finger print on it. See figures 5.4, 5.5 on following
pages.
The thickness values quoted for the films on these targets were measured at the labs that
produced them by the use of either a specialized ellipsometer for films on silicon, by a
microspectrophotometer, by controlled rate of growth for the oxide, or a combination of the
methods.
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Figure 5.3 Step wedge target showing differences of 65, 86, 143 angstroms
respectively between the four bars. From left to right the thickness of each
bar is 7942, 8007, 8093, and 8236 angstroms.
Figure 5.4 Human finger print on bare wafer. Darkfield image.
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Figure 5.5 Human finger print on bare wafer. Polarimetry image.
27
5.2 EUipso-Polarimetry
The ellipso-polarimeter system was constructed from parts taken from a Rudolph Research
experimental ellipsometer andmodified to fit on an optical table. This provided the
polarizer, adjustable quarter-wave plate, sample stage, and analyzer. All other components
were supplied by the RTT Center for Imaging Science and Eastman Kodak (refer to figure
3. 1 for schematic). This new configuration allowed formuch more variation of the length
of optical path, and allowed for the insertion of lenses, polarizers, and other pieces of
necessary optical equipment, which had not been previously possible with the standard
ellipsometer bench.
In order to establish the initial settings of the ellipso-polarimeter, the null settings of each
target to be used needed to be detemiined. This is accomplished by examining the
individual targets using the system in a standard ellipsometer type mode. The image
detection parts of the system are removed and replaced by a photodetector and an analog
meter. Through the use of the method of swings technique described previously, the angle
settings for the polarizer and analyzer are determined for each of the targets which yield the
least amount of light to the photodetector. The Babinet-Soleil quarter wave assembly was
calibrated earlier and remains fixed at this initial setting. These are the settings forwhich
the image will appear dark for the thin film under examination. Any variation from that
thickness will appear as a lighter area, with lightness increasing with increasing difference
in thickness.
A simple proof of concept experiment was performed using the bar-type resolution target of
thickness 477 angstroms. This guarantees that the system is well within standard
performance range of ellipsometry and that the technique was indeed feasible. This helped
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to determine that the system was working, and allowed for adjustment of the optical system
for highest image quality, and observation of the fine detail of the resolution target.
Next the 50 angstrom resolution target was inserted. This target provided some difficulty
at first in obtaining a clear image due to the low contrast difference, but with image
processing the contrast difference was enhanced and a clear image provided. Though there
tends to be some noise in these images, the S/N ratio is high enough that contrast can be
enhanced without noticeable loss of information or degradation of image quality.
Two different step targets were employed for the next step. The first one had sharply
defined step differences which provided nice straight edges. This one also had a step at 25
angstroms and a step at less than 25 angstroms, which was the smallest thickness
difference available on any of the targets.
5.3 Dark-Field
The dark-field set up used is shown below in figure 5.6, note that amajor difference
between the two systems is that the viewing system is normal to the surface of the target,
rather than at an oblique angle as in the ellipso-polarimeter case. The laser and optics used
were the same as those in the ellipso-polarimeter set up with the exception of the
microscope objective, and the same targets were used wherever possible, to ensure the
most accurate comparison of the two methods.
In order to focus and align the system, it was necessary to first use a target which was high
in both scattering and detail. This provided a strong signal in the form
of scattered light
and fine structure for focusing. The target used was a silicon wafer with a circuit pattern
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which contained aluminum pads as well as silicon dioxide as part of the surface. The




Figure 5.6 Schematic of Darkfield setup used
they also scattered a large amount of light and provided a strong signal to the detector. The
circuit contained a number of fine lines which were used in focusing.
The large angle of incidence was necessary to avoid the laser beam hitting the front of the
objective. The ideal angle of incidence would be one such that the reflected beam would be
just outside the numerical aperture of the objective. This would offer better scattering from
the surface, but due to the proximity of the objective, this was not feasible. The increased
angle of incidence did not hamper the detection of even faint signals in this experiment, and
since the background noise was negligible, with digital contrast enhancement the
information was easily discerned in the images. In fact, a neutral density filterwas used
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with the circuit to prevent overloading the detector. It was removed for all subsequent
targets.
Once the system was focused and aligned, the 477 angstrom resolution target was inserted
and images recorded. Because of the relatively large step difference between the substrate
and the coating, and the sharp edge each bar presents, the edge is easily discernable.
Though the signal was feint to the eye, digital enhancement brought it out with no problems
due to high S/N.
Next the 50 angstrom resolution target was inserted. This target proved difficult only
because the fine nature of the edge provided small amounts of scattering, and thus made it
difficult to determine when a bar was in fact being detected. Once the image is grabbed and
enhanced the signal stood out in the image, but there was no enhancement available for the
real time image in this system, and thus the difficulty incurred. This target provided ample
signal to the detector to yield clear images of the edges of the bars (see section 7 for
images).
Attempts were made using 3 different
"step"
thickness type targets, to obtain an image of
where the difference in thickness layers occurred. In all three cases there was no contrast
visible for any of the three at any level of thickness difference, including enhanced images.
A discussion of this lack of success, is included in the results chapter (section 7.0).
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6.0 Resolution and Sensitivity
Two important parameters in any imaging system are the resolution and the sensitivity.
This chapterwill attempt to address themain factors limiting the resolution and the
sensitivity of both of the systems under study.
6. 1 Resolution
In themost basic form, both of these systems are basically microscopes, and thus the ideal
minimum resolution of the system is determined by the numerical aperture of the objective.
This is the case for the darkfield system. Using the standard equation for rninimum
separation distance that can be resolved (Jenkins &White, 1976)
d =
2N.A. 6.1
Where d is the minimum distance that can be resolved andNA. is the numerical aperture of
the objective. The objective used for this study was a lOx with
N.A.= 0.25. This results
in a value of 1.3 microns minimum resolvable distance. It should be noted that an
interesting property of darkfield systems is the ability to detect objects which are actually
smaller than the resolution limit of the objective. This is because they detect the scatter of
light from the object rather than attempting to image the object itself. This is however
difficult to quantify.
For the ellipso-polarimeter system there are other factors to contend with. There is image
degradation attributable to fresnel diffraction due to the coherent light source and the sharp
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edges of the three-bar targets, and blur due to the tilt of the target with respect to the focus
plane of the objective.
The resolution of the darkfieldwill be primarily determined by the objective, but for the
polarimetry system, the tilt of the targetwill introduce effects which will degrade the
resolution. In the ellipso-polarimeter, observation of the sample plane takes place at an
angle of 45 degrees to the plane, whereas the darkfield system will be observing at 90
degrees to the plane of the sample, so that the plane of the target is the plane of focus.
Thus the focus for the darkfield system will be constant across the entire image, but due to
the limited depth of field of the objective lens, the polarimetry system will only be in focus
across a narrow region of the image. At points farther away from the region in the
horizontal direction, blurring due to defocusing will increase. The focus along the vertical
axis will not be altered, since the target is only tilted with respect to the horizontal axis.
This could be helped by the use of a field stop, but this would restrict the viewing region.
There is also another side effect of the tilt in the sample plane, and that is Fresnel diffraction
due to the use of a coherent light source. The visible effect of this diffraction becomes
more prevalent with the increased defocus that accompanies the tilt.
The horizontal tilt will also have an affect on the rninimum spot size resolution. The spot





is the angle deviation from planar with respect to the detector and
objective, or in this case 45 degrees. This results in a
minimum spot size detectable which
is larger in the horizontal direction by 1.4 times that in the vertical direction.
In order to considerwhat the minimum spot size that can be resolved by the polarimetery
system, the size of a pixel from the detector will be
back projected onto the sample plane.






and back propagating the pixel size onto the target yields a value at the focus in the sample
plane of 9.3 microns in the Y direction, and 13.1 microns in the X direction.
More significant than the pixel projection on the sample is the blur spot which results from
the off axis viewing of the sample plane. The blur at the detector plane will be influenced





Figure 6.1 Diagram showing blur at detector due to sample tilt
The amount of tiltwill affect the range of points out of focus at the detector, and the radius
of the aperture of the lenses will affect the viewing angle which determines the blur spot at
the detector plane. In order to find the blur spot at the detector, the focus range due to the
tilted targetmust be calculated. For this calculation an area of 6 mm is considered, or about
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3 mm on either side of the focus when centered. For simplicity these different points can
be thought of as on the optic axis, and with focus at one edge so as to represent a worst
case scenario. This allows the use of equation 6.2. The result is that when one edge is in
focus at the detector, the other is in focus at a point 2.33 mm past the detector. This results
in a blur spot at the detector of 310microns. This blur spot when propagated back to the
sample plane is 200 microns in size.
Thus a range of resolution spot sizes are present depending on the location of the focus on
the sample. When in focus the spot size is approximately 10 microns. This is the best case
scenario. In the case where the focus is on the opposite edge of the viewing area, there will
be no better than 200micron minimum spot size for the defocused side.
It would be possible to make use of a configuration where the detector plane was tilted,
which would result in an imagemostly in focus across the detector plane. There is a factor
which must be considered for this type of setup, and that is the difference between the
lateral and the longitudinal magnifications. The longitudinal magnification represents the
difference in distance along the optical axis or z direction of the image and the object and
the lateral magnification is the difference in size of the image and the object. Thus if the
lateral magnification is 2 (ie. double in size), then the longitudinalmagnification will be 4
or the point at which that point resides with respect to a reference point such as the center of
the target will be 4 times farther in the image than was on the object This will result in
image distortion at the tilted detector. It is possible tominimize this effect by operating in
the region of unitmagnification, where distance from object to the lens and the lens to the
image is twice the focal length of the lens. For this to be effective at this distance, the target
size must be much smaller than the focal length of the lens. The reason this was not
attempted as part of this study is the CCD detector was built in a camera housing rather than
free standing which blocked the lightwhen it was tilted to match the target tilt
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The second major factor will be the effect of diffraction from the edges under observation.
This effect will be negligible while using darkfield, yet significant in the polarimetry case.
When there is an edge in the image and it is even slightly out of focus, fresnel diffraction
will result since the illumination involved is coherent. Fresnel diffraction occurs when the
source or receiving point is close enough to the diffracting aperture so that the curvature of
the wave front is significant. Figure 6.2 shows the image of a typical edge in the fresnel
region. The edge in this image is normalized.
(u)
Figure 6.2 Diffraction from an edge. Edge here is normalized.
Estimate for 8u is shown.
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Where 8x gives an estimate of the blur of the edge (fringe width) along the x axis due to
diffraction, 8u is a normalized estimate of the edge, and z is the distance from the target to
the plane of focus of the objective.
From equation 6.3 it can be seen that as the distance z from the edge to the point of
observation increases, the spread of the fringes ( 8x ) will also increase as the square root
of z. As the fringes spread they will eventually become indistinguishable. This will occur
as long as z is within the near field region.
Some convention must be adopted to decide on the extent of the edge, based on figure 6.2
below, 8u = 3 is taken as an estimate for the edge because it contains most of the
important features. This is somewhat arbitrary and other choices could be made, so there is
a 50% uncertainty in the definition of the edge. Using the estimate of 3 for the edge width
results in a value of 150 microns for 8x . This is comparable to the worst case projection
of the blur spot, which shows the double effect of the tilt on the resolution of the system.
Another important consideration of digital images is that although these images are
displayed with small pixels which give the appearance of being continuous, they are in fact
discrete both in terms of the spatial and radiometric information displayed, and this can
result in artifacts. For example, if there are periodic patterns in the scene (such as lines or
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bars) a phenomenon known as aliasing can result This occurs when the spatial objects
under observation are smaller than the rninimum resolvable spot size and higher frequencies
are detected as lower frequencies. This may result in light areas appearing dark or appear
as fringes, and be indistinguishable from an interference event Another common artifact in
images is a
"stairstep"
appearance of linear features. This results when the linear feature is
about the width of a pixel, and does not quite line up with any row ofpixels, thus falling
on some pixels along the line but not on others. The visual effect is that of light and dark
along the linear feature.
6.2 Sensitivity
The signal to noise ratio of the digital image data will have an effect on overall image
quality. If there is low level of signal due to low contrast or limited amounts of light
reaching the sensor, and there is a large amount of noise due to dust on the optics or stray
background light reaching the sensor, then the image will be of low quality and useful
information will be difficult to extract from the image.
In order to determine a theoretical sensitivity limit of a system, it is important to understand
how the detector system responds to both amplitude and phase variations. First it must be
determined how the signal relates to the phase variation, ie. whether it is linear or
proportional to the square of the phase variation. Since the interest lies in the differences
in phase due to reflections from the horizontal and vertical directions, the polarization
vector can be broken into X and Y components. Before reflection the X and
Y components are essentially equal and thus can be resolved
into equal orthogonal




Adding in the effects of the quarterwave plate adds additional retardation to the phase terms
XAExp{j(ov + 0l)} 6.6
YAExp^co^-r^} 6?
After reflection from the sample surface both the amplitude and the phase will be affected,
thus the amplitudesA will now be changed and by different amounts, and a new phase
termwill be added
XBExp{j(coot+(p1+01)} 6g
YCExp/jtov+^ + Oj)} 69
Finally the orthogonal components pass through the analyzer. Since both are at 45 degrees
to the axis of the analyzer (refer to figure 6.3 below), a factor of cos 6 will be added into




Figure 6.3 Diagram showing X and Y and
then-
relation to the polarizer and analyzer axis
After the analyzer the field is represented by
E =B-2^Exp{j(coot+(p1+01)}-C^ExP{j(o)ot +
91
+ 01)} fi 1Q





+ C2- 2BCcos(&(> + 80) 6.12
Where &)>&80 are the differences between ^ i ^ 2 and i
&
2. respectively.
Assiiming that the amplitudes are equal after reflection, ie. B=C gives
I = 2B2[l-cos(8<}>+80)] 6.13
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Now if the system were adjusted to compensate for the sample such that &|> + 80 = 2mr.
,
then a small change in the compensated part of the sample gives rise to &))
'
the difference
between the 2 parts of the sample. Thus 6. 13 yields
I'oc 28^1 -cos( 8<1))] 6.14
Since 80
'




Now that it has been shown that the signal is proportional to the square of a phase variation
( a difference in thickness on the sample, Ah results in a phase modulation ), it is possible
to determine the theoretical sensitivity of the system. The signal to noise of the information






where I0 is the signal current, R is the detector load impedance, Af is the system
bandwidth, and F is the amplifier noise factor. Thermal noise











where "H the quantum efficiency. Where P is the total available laser power before the
analyzer plane. If a dark background signal is assumed ( signal is generated only if
variations exist ) then the system is thermal noise limited. The signal to noise of the








Theminimum detectable 8(p is where S/N = 1. This represents theminimum detectable
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0 = 3.0 x
1015
Hz, assume P = 100 >iW, e = 1.6
x
10~19
C (electronic charge), k = 1.38 x
10~23
J/K (Boltzmann constant), R = 10 k2, T
= 300K (room temperature), and F = 2 (amplifier noise factor).
Thus, 8(p as a function of bandwidth is given by
Sep = 2.53 x
10-4 (Af)1/4 6.20
the relationship between Ah and <P is
given by: <P = kz, where k = 2nA and z = 2Ah
(optical path length). For lambda = 632.8 nm, Ah
= 0.3 angstroms in a 30 Hz bandwidth,
and Ah 1.2 angstroms in a 10 kHz bandwidth. These numbers
are in agreement with the
sensitivity of a high grade
research ellipsometer.
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A similar approach can be taken for the darkfield system. The darkfield system will
respond to phase structure. That is it responds to a phase step, but does not change the
amplitude. The image produced by a brightfield microscope can be written as (Goodman,
1968)
6.21
In darkfield, the one becomes zero because the background is cancelled (thus the











Substituting 6.23 into equation for signal to noise
6.16 and solving for nainimum detectable







Or using the previous values, S<p as a function
of bandwidth is given by





Thus for lambda = 632.8 nm, Ah ~ 0.2 angstroms in a 30 Hz bandwidth, and Ah = 0.9
angstroms in a 10 kHz bandwidth.
It should be noted that the above only holds stricdy true for a uniformmaterial with a
thickness difference, such as is the case with a step wedge target made of layers of the
same material. In the case where there is a different film coating the surface which results
in a thickness difference between bare surface and the film, another phase termwould have
to be added in to compensate for the absorption and internal reflections which will take
place in the film but not on the bare wafer. This would be the case for any different
materials which would result in a thickness variation that was desired to be detected. The
result as statedwould likely not be altered significandy, but to be absolutely accurate these
other phase terms should be considered.
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7.0 Results
7 . 1 Spatial Resolution
The spatial resolution for the ellipso-polarimeter, was better in the vertical (Y) direction
than in the horizontal (X) by a factor of approximately 1.4 as was predicted. The
minimum resolvable area of the target observed in both theX and Y directions, was
0.0101 mm/line 0.0001 mm, or a bar width on the order of 10 microns. This is in
agreement with the estimate for spatial resolution from chapter 6 due to pixel projection in
the region of focus. In figure 7.1 (on next page) compression of the bars in the X
direction due to the tilt of the sample, can be clearly observed.
There are two other major factors affecting the spatial resolution of the ellipso-polarimerry
system. The first are fringes due to fresnel diffraction, which can create false dark areas
(lines) in the bright regions and false bright areas in the dark regions. This is a difficulty
in a coherent light system. The fringes result from Fresnel diffraction from the edges.
These can be minimized with good focus, but will be visible anywhere that focus isn't
perfect. See figure 7.2 on next page.
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Figure 7.1 Polarimetry image of 477 angstrom 4-bar target Smallest 4-bar target resolved is 10
microns across each bar. Note blur in upper left comer, these are the letters IMA. Blur is due to
defocusing caused by tilt
Figure 7.2 Polarimetry image of 477 angstrom 4-bar showing effects of tilt of target on resolution. The
farther from center in the image the worse the blur, the fringes, and the effects of aliasing appear due to
apparent pixel size at the target.
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The second factor andmost significant affecting the spatial resolution is defocusing across
the target surface due to a limited depth of focus and the off axis tilt of the target. When
the system is focused at the center, the edges are badly out of focus and if there are any of
the above mentioned fringes, they expand and distort the available information. This can
be observed in both figure 7. 1 on the previous page and figure 7.3 on the following page.
In figure 7.3 the large bars are approximately 100microns across, and there is a line trace
of 131 pixels across the four bright vertical bars. This is about 14 pixels per bar, or a
pixel size of about 7.2 microns which is smaller than predicted by 3 microns. This image
is not in focus as is evidenced by the fringes from all straight edges in the image, and
aliasing can be observed in the smaller bars on the right side of the image. This is due to
the defocused projected pixels being larger than the fringes. From the pixel trace it can
also be seen that the bar on the right is degrading due to these effects, and the edge is
starting to spread out.
The spatial resolution of the darkfield system is determined by the objective, in this case a
lOx was used. Here scattering from edges was observed which showed as a line one to
two pixels wide. The spatial resolution obtained was on the order of 1-2 microns (the
width of a measured edge), which is as determined in the previous chapter. There was
little problem with noise affecting the spatial resolution even aftermajor image
enhancement to bring out the faint signals. See figure 7.4 on following page.
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Figure 7.3 Polarimetry image of 477 angstrom 4-bar showing bars 100 microns across. Line trace
through the 4 vertical bars shows relative pixel values. Image is slightly defocused
Figure 7.4 Darkfield image of 477 angstrom 4-bar. Image has been contrast enhanced to bring out bars.
Also present are numerous dust particles on the surface. Bars are 25 microns across and 200 long.
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7 . 2 Thickness Resolution
Thickness differences as small as 50 angstroms were readily observed by both methods
using a 4-bar resolution type target consisting of silicon dioxide on silicon substrate. In
the previous chapter the minimum detectable height was found to be dependant on the
bandwidth of the detector. Recall from chapter 6
For polarimeter Sep = 2.53 x 10'4 (Af)1/4 6.20
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Fieure 7.5 50 Angstrom 4-bar target. Darkfield
image with computer zoom of detail. Lines shown are
1-2
;r,c wirfP hv 70 Iohp. Jaeeed lines due to angle of edges w/respect to
columns of pixels.
microns ide by l ng gg
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Figure 7.6 50 angstrom 4-bar polarimetry image. Image has been contrast enhanced. Smallest resolved
bars are approximately 10 microns. Bright spots on right are a foreign substance on the silicon dioxide.
Figure 7.7 50 angstrom 4-bar polarimetry image with null set for bare
wafer instead of film. Large
sweeping fringes are due to polishing of
silicon wafers which causes minor warping of the surface.
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The 50 angstrom difference obviously is not close to these proposed sensitivity limits.
None of the values of the targets approach this theoretical limit. This is due to the limited
ability available to create a target on the order of a few angstroms with any accuracy. But
there is some evidence that these limits were approached, they just can not be quantified
with the results of this study. For the polarimetry system, two images suggest this limit
was approached. In the first there is an edge separating two regions. One region is




angstroms thick. This was a grown silicon dioxide layer, and the ability to specify a
thickness by time of growth was limited and thus at less than 25 angstrom, an exact
thickness was not specified. This layer could be anything from 0
- 24 angstroms, but was
not measurable in that lab. See figure 7.8 on the following page.
A Second target which suggests that a sensitivity on the order
of 1 angstrom has been
approached, is another step targetwhere the
edge is not sharp at all, but rather slowly
varying between the
adjacent layers. The between layer difference is 65 angstroms ( this
is based on measured values in the center of each layer), but
as can be seen in figure 7.9
on the following page, the edge acts more
like a ramp function than a step
function. A
gradient of increasing darkness from the light
area to the dark area can be observed also.
Though unable to quantify, this implies that very
small gradual changes can be detected.
Evidence for the darkfield system approaching the
theoretical limit again comes in the form
of signal strength versus noise. In figure 7.5, the
detection of a 50 angstrom difference
was easily accomplished and
with virtually no noise
in the signal. Though some contrast
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Figure 7.8 Polarimetry image of step target with steps of 25 angstroms (top) and less than 25
angstroms (bottom). Null is set for 25 angstrom layer. Window shows processed part of image.
Figure 7.9 Polarimetry image of step target. Step is slow varying as shown by pixel trace across edge.
Top layer is 7942 angstroms and bottom layer is 8007, for a difference
of 65 angstroms. Line is a scratch.
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enhancement was used, this had no visible effect on S/N ratio. This implies that smaller
thickness differences should be no problem with sufficient iUumination. The
problem is how much smaller. If the S/N could be quantified in Decibels, then an estimate
of the lower limit could be projected back. For example if the S/N were 10 dB for the 50
angstrom target then it could be estimated that the system would be able to detect a
minimum difference in thickness on the order of 5 angstroms. The step wedge type
targets proved to be difficult for the darkfieldmethod, so they were of no help in
answering this question. This should not have been the result if the steps had sharp edges.
Here it appears that there were two problems, for the slow varying edge (figure 7.9) it
may be the case that the smoothness of the edge did not allow for enough scattering to
provide a signal. Otherwise the problemmay be due to lack of sufficient illumination. A
higher power laser would be needed to check this assumption. The laser in use was
focused on the target to make use of maximum available illumination with no noticeable
effecL There may have been a faint signal that either the detector did not register, or the
contrast being so small that it was not observable on themonitor.
For the target in figure 7.8, There should have been a detectable signal since the edge
though small, does appear as being a step function and is well within the theoretical limit
proposed in the previous chapter. Repeated attempts with this target were unsuccessful.
This particular result is very counter intuitive and frustrating. It is perhaps again due to an
illumination problem, since with the 50 angstrom target it was extremely difficult to find
the desired target area, and the image only became readily visible after contrast
enhancementwith histogram equalization. Thus it may be the case the information was
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there in the form of a very weak signal, but the human operator was unable to discern it on
the monitor thus appearing as no result
7 . 3 Fresnel Diffraction Fringes
The S/N for the darkfieldmethod was better than for the ellipso-polarimeter, which is as
expected due to the many parts of the system that can cause diffraction to appear in the
polarimetry images. In every one of the images from the ellipso-polarimeter there is
evidence ofFresnel diffraction from both the sample surfaces as well as the other parts of
the optical system past the sample, but this still did not imper the ability of the system to
detect thickness differences on the order of 25 angstroms. This was demonstrated in
figure 7.8. These images were faint but the apparatus was able to detect these variations in
thickness. Though it was readily visible to the human eye on a screen, the hard copy
device had some difficulty discerning the differences in contrast that the eye could see on
the screen. Using a linear stretch image enhancement method to increase contrast the
differences in the hard copy images became more evident, and with proper thresholding
the two different areas become distincdy visible (See figure 7.10 on the following page).
Though at first glance the fringes would appear to create difficulties, in fact with the
proper image processing techniques, they do not degrade the important information even at
levels approaching the theoretical limits. This is also evident
in figure 7.3, where a line
trace ofpixels across a close up of some of the bars shows that though to the eye there are
dark bars, that overall S/N allows for easy distinction of the bars even where out of focus.
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Figure 7.10 Polarimetry image. Same as in figure 7.8 but with a binary threshold. This leaves two
clearly distinct regions based on thickness, with no side effects from fresnel fringes.
Figure 7.11 Polarimetry image of a single bar on 477 angstrom target Width of bar is approximately 1
millimeter. Here edge is purposely defocused. Pixel trace across edge shows spreading
of edge due to
fresnel diffraction.
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Figures 7.1 1 shows an edge from a single bar on a 477 angstrom target where the edge is
purposely out of focus. From the line pixel trace it can be easily seen that the fringes now
could easily be mistaken for a thickness variation, yet there is still a distinct threshold.
The major problem here is determining where the actual edge is in fact located. If it were
only desired to know a variation existed this would not be a difficulty, but if that location
was important, itwould not be an easy task since the defocusing has resulted in spread of
the edge due to the fringes. This is also true when considering the out of focus regions of
the image. If it is only important to detect that there is an inhomogeneity, then the system
will work fine in spite of the effects of defocus and fresnel fringes. The system will still
indicate a bright region where there is variation from a nulled thickness, though the region
may appear as a blur, it will still appear and that is enough to know there is a flaw in the
film. This is evident in a number of the polarimetry images, but in figure 7.1 the bright
blur in the upper left-hand comer provides a good example of this behavior. The blur is
actually three letters which here are indistinguishable as letters, but the brightness indicates
that there is a variation from the film thickness under study.
Figures 7.12 -7.14 show the same edge as in 7.1 1, but now more in focus. The
reduction of the effect of the Fresnel fringes is readily apparent both in the image and in
the line trace. The pixel values yield a function which is muchmore like a step than a
ramp, and the effect of the fringes on pixel values is diminished as
well. This is even
more apparent in figure 7. 13 where a histogram of the entire image is shown. Though the
'bright'
pixel values are quite spread out over the spectrum of grey values, there is still a
distinct difference from the darker regions. This suggests a threshold point which results
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in the image in figure 7.14, where the threshold was taken for the region in the box for
comparative purposes. Again, in spite of both circular fringes from the optical system and
linear fringes from the edge, the information desired is easily visible with simple image
processing techniques which could be combined into an algorithm for this system.
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Figure 7.12 Polarimetry image of 1 mm bar with better focus. Pixel trace across edge shows much
cleaner edge and reduced noise due to fringes








Figure 7.14 Image from figure 7.12 after binary threshold performed on region in box. Fringes have
not created difficulties with distinguishing separate thickness regions.
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-0 Conclusions & Recommendations
The impetus for this study was to determine if a technique could be devisedwhich would
allow a visual detection of thickness variation or flaws in semi-transparent thin films. Thus
two techniques presented themselves as potential possibilities for this task, and these were
analyzed and tested as to their potential to accomplish this task. Due to the qualitative
nature of the study, the only numbers that can be applied are from reference values on the
targets observed. From the previous chapter values representing theoretical resolution and
sensitivity were presented, but due to difficulty inmanufacturing targets with desired low
limit thickness parameters these were not rigorously tested. Evidence from the experiments
does seem to suggest that these limits could be approached with these systems.
Since the impetus was for flaw detection, one image that resulted in the true spirit of
serendipity is shown in figure 8.1 on the following page. This image shows an edge
which has bled into the neighboring region. It is clear that the edge was supposed to have
been straight all the way across, but that due to some error in the manufacture, it spread
into the nearby region. This is a flaw and was detected by the polarimeter system in the
process of examining the different regions of the different targets. This particular border
consists of a region of thickness 228 angstroms on top, and 135 angstroms on the bottom
for a difference of 93 angstroms. This is one of the targets that the darkfield system had
difficulty with so there is no equivalent image for comparison.
8.1 Limitations
The limitations of both of these systems stem primarily from the limits of physical optics.
Such factors as field of view, depth of focus, and fresnel diffraction due to coherent light
all limit these systems in their own way as discussed in the
previous sections.
60
Figure 8.1 Polarimcter image of step wedge type target showing a defect area in the straight edge
separating the two regions. The top layer is 228 angstroms, and the bottom 135 angstroms.




These are limitations that can not necessarily be overcome, but can be worked with for
optimal performance depending on results desired.
Another limiting factor of the system is the physical size limit of the polarizing crystals in
the polarizer and analyzer. Each is one square centimeter which means that as straight
throughput this is the limiting aperture of the system In reality the entire 10mm x 10mm
opening can not be used since diffraction at the edges will result in unwanted artifacts and
distortions in the output image. The image can be compressed as it passes thru the crystals,
but only to a certain extent. An interesting work around for this problem is to replace the
analyzer crystal with another type of polarizer of a size which will remove it from being the
limiting pupil of the system. A piece ofpolarizing film such as J-sheet for example.
Figure 8.2 on the previous page shows an image taken in this manner. The image is of the
477 angstrom target with nulls set for the film thus the letters are bare wafer.
The use of laser light causes artifacts in the images due to the coherent nature of such a




result in the output image i.e. diffraction lines
from edges and apertures in the system and interference fringes due to the minute random
phases that result in highly coherent light Depending on the information sought from the
image either one of these types of noise, or a combination thereof, may result in confusion
of interpretation of the output, butwith the proper algorithm can be removed from the
information of interest. The use of polished silicon wafers created numerous broad curved
fringe patterns in the polarimetry images. This was especially evident in any images where
there was a lot of bright area as in figure 7.7. The polishing of the wafer creates a warped
surface and gives rise the the fringe patterns from interference. Speckle due to the use of
coherent lightwas not a problem in this experiment
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A possible solution to the side effects due to coherent light such as fringes, might be to
insert a spinning diffuser immediately after the laser and before any of the other optical
elements. This would need to be tested since it is unclear from a theoretical point of view if
this would in fact eliminate or reduce the diffraction fringes, interference patterns, and
speckle without causing a loss of information carried by the phase terms. But since the
phase terms are due to polarization, and it is not necessary to have completely coherent light
to gain information from polarization, inserting a rotating diffuser may be successful in
reducing undesirable artifacts.
The effects caused by the limited depth of focus and the off-axis viewing in the ellipso-
polarimeter case are perhaps the biggest limiting factor. This limits focused viewing to a
small strip up the middle of the target 0^ direction), and when areas are defocused the
diffraction fringes grow and degrade the useful information of fine detail. Ifwhat is
desired is merely detection of a flaw, and not an exact image of appearance, than this will
not be a problem. Even when the information is badly blurred due to the defocus, a flaw
will still register as a bright spot which is easily observed, this yielding that a flaw exists
and where it exists.
There is distortion of the image in the horizontal direction ( X axis ) as explained earlier.
At 45 degrees a compression ratio of approximately 1.4:1 as compared to the vertical
direction ( Y axis ) results. Depending on the application ie. the information sought, this
may ormay not result in a problem since only
at the limits of resolution does it result in a
significant degradation of the image to the point where important information is perhaps




Both these systems demonstrated the ability to detectminute variations in the thin films
used in this experiment Both matched the theoretical spatial resolutions, approximately 10
microns for the ellipso-polarimeter as shown by figure 7.1, and 1-2 microns for the
darkfield as shown by figure 7.5. Due to insufficient ability tomanufacture targets with
films on the order of a few angstroms the true sensitivity to thickness variation was not
reached, it was however approached as targets in the 50 angstrom range were easily
detected by both systems. The polarimeter system was successful at an even lower
thickness sensitivity using a step wedge type of target with a layer at 25 angstroms and an
adjacent layer at less than 25 angstroms. Thus implying a lower limit ofbetween 1 and 24
angstroms. This would however need to be verified with a more accurate target if one
could be fabricated, or by quantizing the measured signal to noise in decibels and projecting
and resolution estimate for the system.
The fact that the darkfield system had such difficulty with targets with slowly varying
regions leads to the conclusion that for such a task, the polarimetry system would be better
suited for this type of flaw detection. The polarimetry system proved itself for both kinds
of targets, and would thus be a better choice for a system where either gradual changes
need to be observed or both ramp and step type variations exist If it were the case that
abrupt variations in thickness need be detected, then the darkfield would be the best choice
since there is no problem with tilt of the sample plane, and it is a less complicated and less
cosdy system to install.
It should be noted that both of these systems could easily be set up to function concurrendy
without any major difficulties. The only
problem would come in the form of sufficient
illumination for the darkfield from the spread beam for the ellipso-polarimeter. This is why
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the double system was not used in this study, but it could be done without too much
difficulty if this were the best possible solution.
8 . 3 Suggestions for Future Studies
Both the ellipso-polarimeter and the darkfieldmethods could prove to be useful techniques
in a quality control or testing type environment These systems could be custom designed
for a number of applications involving the variation of a thin film over an area and data can
be acquired at up to video sampling rates as needed. It is also possible that larger areas
could be observed by using multiple systems together, or if speed ofdetection was not
critical, by scanning the surfaces involved. Also other polarizers such as J-sheet could be
used in place of a crystal analyzer
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if a loss in sensitivity were not crucial. This would
allow easier viewing of large areas, as well as lowering the cost of the optical system.
The next step in this research would be to address the issue ofdefocus due to off axis
viewing of the ellipso-polarimeter, and the noise in the system due to the use of coherent
light in the form ofFresnel diffraction fringes. Possible solutions are the use of a filtered
but not completely coherent light the use of a tilted detector plane tomatch the tilt of the
target plane, and perhaps a on axis reflection system similar to that used in polarizing
microscopes. The use of a spinning diffuser to reduce the effects of the coherent light
should also be tested. For the darkfield the major problem is sufficient illumination to
detect the thickness variation which are at or near the theoretical limits discussed in chapter
6. Whether the difficulty lies in the amount, the need formore uniform illumination, or a
real time contrast enhancement system to highlight theminute differences which are
indistinguishable to the eye is not clear, though it may be some combination of the above.
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An interesting follow on experiment would be to couple one or both of these systems with
an artificial intelligence program designed to find the optimal parameters for the image
processing algorithms and then determine if any flaws in the image exist. Perhaps a neural
network could be trained for this task, or an expert system could be designed from existing
machine vision techniques, thus removing the human operator from the decision process.
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